A functional enzyme displays activity with at least one substrate and can be represented by a vector in substrate-activity space. Many enzymes, including GSTs (glutathione transferases), are promiscuous in the sense that they act on alternative substrates, and the corresponding vectors operate in multidimensional space. The direction of the vector is governed by the relative activities of the diverse substrates. Stochastic mutations of already existing enzymes generate populations of variants, and clusters of functionally similar mutants can serve as parents for subsequent generations of enzymes. The proper evolving unit is a functional quasi-species, which may not be identical with the 'best' variant in its generation. The manifestation of the quasi-species is dependent on the substrate matrix used to explore catalytic activities. Multivariate analysis is an approach to identifying quasi-species and to investigate evolutionary trajectories in the directed evolution of enzymes for novel functions.
Emergence of substrate selectivity from promiscuity
It is commonly assumed that biocatalysts evolve to reach high catalytic efficiency in order to serve their biological functions. A high substrate turnover rate may be important, but substrate specificity is possibly a more fundamental parameter in the regulation of fluxes of reactants in interconnected metabolic pathways. Most enzymes can discriminate among different substances even though they contain similar functional groups exposed to chemical transformation. In contrast, most catalysts used in organic chemistry will not display such high specificity in their catalytic functions. Basic chemical wisdom therefore suggests that, once a primordial enzyme displaying catalytic potential for a given type of chemical transformation has arisen in evolution, a major issue will be to suppress undesired reactions with alternative substrates. For example, proper functioning of the tricarboxylic acid cycle requires malate dehydrogenase to be active with L-malate and not with the isomeric D-malate, nor with other hydroxyacids such as lactate or isocitrate. Extant enzymes have naturally followed a long and convoluted trajectory of evolution to reach their current complex structures and functions. However, it appears inevitable that primordial biocatalysts were 'generalists' with broad substrate acceptance, similar to many extant enzymes, such as esterases, cytochromes P450 and glutathione transferases. Selective enzymes arose in the evolutionary process when alternative chemical reactions became disadvantageous, and adequate substrate discrimination afforded an advantage for proliferation. Particularly favourable mutations would have been those that maintained the established function, but selectively disabled unfavourable reactions. The extent of suppression would be governed by the requirement to curtail the alternative reactions to innocuous levels. In this paradigm, the promiscuous nature of many enzymes [1] [2] [3] is basically a vestige of unsuppressed alternative catalytic activities. "Ohno's dilemma", i.e. addressing the problem of preserving an original function while a new one evolves from a duplicated gene [4] , is therefore an issue that arises primarily with proteins that already have attained highly specialized functions.
Decoding the relevant substrate specificity
Substrate specificity has to be decoded in the chemical milieu in which catalysis takes place. For specific catalysis to occur, it is sufficient that the catalyst can distinguish among the alternative substrates that are actually present. A major reason why unspecific catalysts work well in organic chemistry is that they are used in media containing only the substances that should undergo chemical reaction. In contrast, enzymes in cellular systems are exposed to a myriad of different chemical substances. In order to maintain physiological homoeostasis, it is therefore crucial that the biocatalysts can discriminate against a variety of alternative chemical transformations. Some enzymes are considered as having 'absolute' substrate specificity in the sense that they do not catalyse a reaction with more than one compound of those occurring in biological systems. However, most 'specific' enzymes have been tested only with a small number of possible alternative substrates, and not with 'unpredicted' substrates. A classical example is urease, which, for a long time, was considered to have absolute specificity in catalysing the hydrolysis of urea [5] . However, challenged with unnatural substrates, e.g. hydroxyurea or dihydroxyurea, urease demonstrates broader catalytic activity. On the other hand, enzymes such as those involved in the degradation of foodstuffs in the digestive tract or in the biotransformation of foreign chemical substances should optimally have broad substrate selectivities, but limited to the extent that they do not cause damage to normal tissue constituents. These pluripotent biocatalysts have not been subjected to sufficient evolutionary pressure to restrict the activity to one, or a few, of their possible substrates.
Function as a criterion for new enzymes
An enzyme is by definition a catalytically active entity, which is traditionally, and preferably, restricted to proteins with catalytic properties. Catalytic RNA and catalytic antibodies are better distinguished as ribozymes and abzymes. Considering diverging enzyme evolution as taking its origin in unspecific biocatalysts, by what criteria can a new enzyme be considered as established? Different forms of a given enzyme may occur in the same organism, for example as allelic variants differing in certain amino acids in their primary structure. A traditional judgment is based on amino acid sequences depicting enzyme phylogeny as the growth of an evolutionary tree. In this structural view, new enzymes have arisen when branches have grown sufficiently far apart.
However, from the biological perspective, function is more important than structure, and new enzymes can be identified when they catalyse reactions for which their progenitors did not have capacity. In the course of molecular evolution, it is clear that a variant enzyme should be regarded as a new enzyme when it differs in an orthogonal manner in substrate specificity from that of its precursor.
Enzyme functions as vectors in substrate-activity space
Enzymes can be represented by vectors in functional substrate-activity space. The axes in this potentially multidimensional chart represent the activities that a given enzyme displays with the alternative substrate with which it is assayed. For substrate discrimination purposes, the steadystate parameter k cat /K m is a proper measure [6] , but, as a first approximation, activity measured under defined conditions is an acceptable substitute. If urease were to be assayed alternatively with urea and acetylcholine, its activity vector would fall along the urea axis. The enzyme will only display activity with urea and not with acetylcholine. On the other hand, acetylcholinesterase will similarly be represented by a vector along the activity axis of its cognate substrate acetylcholine. The two vectors will obviously be orthogonal to one another. The criterion of orthogonality for distinguishing discrete enzymes becomes less obvious in the comparison of enzymes with overlapping substrate selectivities. In these cases, the enzyme vectors will have contributions from all activities under consideration and not fall along one of the substrate axes. The multivariate biplot [8] shows catalytic-efficiency vectors (red) based on k cat /K m values [7] of the parental GST A2-2 and four mutants (with one, three or five mutations) as well as of the wild-type GST A3-3. The two alternative substrates used in the analysis, cumene hydroperoxide (CuOOH) and 5 
Limited structural redesign can give rise to a new enzyme
In natural evolution, as well as in protein engineering, redesign of an already existing structure is a major principle for functional innovations. As an illustration, GST (glutathione transferase) A2-2 acquired steroid double-bond isomerase activity by a series of active-site mutations to mimic the activity of the naturally evolved GST A3-3 [7] . This stepwise transmutation demonstrates how GST A2-2 was engineered to mutant Penta with an activity vector that is essentially orthogonal to that of GST A2-2. Figure 1 illustrates how the various mutations shift the vector in two dimensions of the substrate-activity space. The point mutation F111L has only a small effect on the position of the activity vector. However, complemented by four additional active-site mutations to give mutant Penta, the vector approaches orthogonality to its original direction and approaches the vector of GST A3-3, which naturally has high steroid isomerase activity. From this analysis and the criterion of orthogonality, it can be concluded that GST A2-2 has been transformed into a new enzyme in the form of mutant Penta.
Functional orthogonality and distinction of new enzymes in directed evolution
In the directed evolution of enzymes, it is common to generate multiple mutants by structure-based as well as by stochastic approaches. Functional orthogonality, as in the cases of urease and acetylcholinesterase or GST A2-2 and mutant Penta above, is a robust criterion for establishing the emergence of a novel enzyme. However, orthogonality is too restrictive as a condition, as is evident from enzymes with broad specificities such as GSTs and cytochromes P450 [9] . Enzymes with broad substrate acceptance and partly overlapping specificities will not generally have substrateactivity vectors that are strictly orthogonal among members of the same enzyme family. Instead, the definition of a novel and discrete enzyme could be based on whether the respective vectors could be reliably distinguished from one another. The main distinguishing feature of function is the direction of the enzyme vector in substrate-activity space. Enzyme variants that form a distinct cluster with the archetypical enzyme can be regarded as different forms of that same enzyme. On the other hand, variants that cluster separately from the archetype would have to be regarded as another enzyme. If many variant enzymes in a cluster are available, they could be expected to have a Gaussian distribution similar to that of properties of biological species. In such cases, it would be possible to use multivariate statistics to test the probabilities that variants belong to a particular cluster or that different enzyme clusters are distinct species. Obviously, there will be borderline cases for which definitive assignments cannot be made.
Identification of three quasi-species in the directed evolution of GSTs
Figure 2(A) shows the clustering of 386 GST variants randomly picked from a mutant library of chimaeric enzymes generated by DNA shuffling of the coding sequences of GST M1-1 and GST M2-2 [10] . The three clusters diverge in distinct directions, signifying three functional quasi-species [11] . One cluster contains the parent GST M1-1 and another cluster contains the second parent GST M2-2, whereas the third cluster represents a novel distribution distinct from those containing the parents. The functional space is defined by the activities with eight alternative substrates, and Figure 2 (A) is based on a principal component analysis in which the three largest directions of functional variability are indicated. Figure 2(B) shows the corresponding loading plot illustrating the contributions of the alternative substrates to the different enzyme vectors. The substrate contributions form three sets, indicating their relative importance in distinguishing the three enzyme quasispecies. This investigation illustrates how new enzymes can emerge via genetic recombinations of parental sequences.
Functional quasi-species are defined by the substrate matrix
The number of quasi-species identified is critically dependent on the substrates used in the characterization of the enzyme variants. If only one of the alternative substrates is used, it is obvious that only one cluster of active variants could be discerned. A group of 'null' mutants lacking activity with a tested substrate is always expected as a result of random mutations, as shown close to the origin in Figure 2(A) . However, these apparently inactive variants are disregarded in the present context. Analysing the mutants in the library with two alternative substrates likewise cannot be expected to reveal more than two clusters of active enzymes. In order to discern three clusters, at least three alternative substrates will have to be tested. In Figure 3 , an alternative representation of the data in Figure 2 (A) shows that it is indeed sufficient to use the activities obtained with three substrates, out of the eight in the complete dataset, to identify the three quasispecies. However, to accomplish this, it was essential to select one substrate from each of the three groupings ( Figure 2B ) in order to discern the three distributions of enzymes. Three clusters of enzymes could not be distinguished if three substrates from the same grouping were selected for the analysis. It would appear that, in the present case, three properly chosen substrates are enough to map the main traits of functional variability displayed with the eight substrates used. However, analyses with additional alternative substrates may well unravel additional clustering of the GST mutants in the enzyme library. Such an extension of the substrate matrix has previously disclosed a new quasi-species in a different GST library [12] . Inevitably, the division of enzyme mutants into distinct quasi-species is crucially linked to the choice of alternative substrates for the analysis. In the directed enzyme evolution, the experimenter is free to design the matrix of alternative substrates. In natural biological systems, the ambient chemical milieu defines the substrate matrix. In either case, intrinsic activities with substrates to which the enzymes are not exposed are without consequence.
Quasi-species as the evolving units
In conclusion, using the example of GSTs as a paradigm, we have demonstrated the usefulness of the concept of functional quasi-species for the investigation of crucial aspects of the directed evolution of enzymes. Both the design of recursive mutagenesis for further evolution and the analysis of evolutionary trajectories in multivariate dimensions are facilitated by regarding the quasi-species, rather than the 'best' enzyme variant, as the relevant evolving unit.
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